S
treptococcus pneumoniae is the leading cause of acute bacterial meningitis in developed countries (1) . Compared with other pathogens, pneumococci causing meningitis have the highest case fatality rates (CFRs), and up to 30% of survivors develop significant long-term sequelae, including sensorineural deafness and cerebral palsy (2) . In England and Wales, the overall annual incidence of pneumococcal meningitis in 2003 to 2005 was 1 case/ 100,000 population, with the highest incidence in the first year of life, with a rate as high as 15/100,000 among 4-to 11-month-old children (3) . The serotypes included in the 7-valent pneumococcal conjugate vaccine (PCV7) were responsible for 72% of pneumococcal meningitis cases in children of Ͻ2 years of age and for 57% of cases across all age groups (3).
In September 2006, the United Kingdom, unlike other countries, introduced PCV7 into the childhood immunization schedule at a reduced 2 ϩ 1 schedule (immunization at 2, 4, and 13 months) with a 12-month catch-up campaign offering the vaccine to all children less than 2 years old (4). The vaccine was highly effective in rapidly reducing the incidence of invasive pneumococcal disease (IPD) across all age groups through a combination of direct and indirect (herd) protection (5) . In addition to an overall 34% reduction in overall IPD in 2008 to 2010 compared with 2004 to 2006, PCV7-type pneumococcal meningitis cases decreased by 95% in children of Ͻ5 years of age (6) . Moreover, because of indirect protection through carriage reduction among vaccinated children, PCV7-type pneumococcal meningitis cases also declined by 67% among 5-to 64-year-olds and by 70% among Ն65-year-olds (6) . However, this reduction was offset by an increase in meningitis caused by non-PCV7 serotypes (77%, 54%, and 19% in the three age groups, respectively), such that the overall reduction in pneumococcal meningitis was only significant in the Ͻ5-year-old group (44% reduction; 95% confidence interval [CI], 11 to 64%) (6) .
In the United States, where PCV7 was introduced in 2000, the overall incidence of pneumococcal meningitis declined by 30% from 1.13/100,000 population in 1998 to 1999 to 0.79/100,000 population in 2004 to 2005, with a 73% (0.66 to 0.18/100,000 population) decline in PCV7 serotype meningitis and a 61% (0.32 to 0.51/100,000 population) increase in non-PCV7 serotype meningitis over the same period (7) . The greatest decline in overall pneumococcal meningitis was observed in children of Ͻ2 years of age (64%) followed by Ն65-year-olds (54%) (7) .
Despite wide geographical variation in pneumococcal serotypes causing IPD, most countries with established PCV7 immunization programs have observed serotype replacement of various magnitudes in the age groups targeted for vaccination as well as in groups of older unvaccinated individuals (8) . In the United States, there was a marked increase in IPD (including meningitis) due to serotype 19A, not only through expansion of the major pneumococcal lineage (sequence type 199 [ST199]) usually associated with this serotype but also because of emergence of "escape" strains that have switched their capsule type from a PCV7 serotype to non-PCV7 serotype (9, 10) . This phenomenon, termed capsular switching (CS), is due to transfer of the capsular gene cluster via horizontal recombination and presumably occurs during carriage when strains expressing distinct capsule types cocolonize the nasopharynx (11) .
Surveillance of IPD and characterization of pneumococcal strains causing invasive disease are essential for monitoring the beneficial effects of PCV7 implementation and its potential impact on the structure of the pneumococcal population. In anticipation of the introduction of PCV7 into the national childhood immunization program, the Health Protection Agency (HPA) implemented enhanced epidemiological and molecular surveillance of IPD in England and Wales in 2004 (5, 6) . This prospective study investigated changes in the serotype and genotype distribution of pneumococci causing meningitis-the most severe clinical presentation of IPD, with the highest case fatality-in England and Wales prior to and during the first 3 years after the introduction of PCV7.
MATERIALS AND METHODS
The HPA conducts enhanced national surveillance of IPD in England and Wales, as described previously (6) . Briefly, the HPA routinely collects computerized hospital laboratory reports of invasive pneumococcal isolates and provides a free national service for confirmation and serotyping of invasive pneumococcal isolates. A single IPD data set is maintained through regular reconciliation of laboratory reports with serotype information, patient demographics (http://www.connectingforhealth.nhs.uk /systemsandservices/demographics/pds) and death registrations obtained from the United Kingdom Office for National Statistics (www.statistics .gov.uk). In children eligible for PCV7, vaccination status was obtained from the child's general practitioner (GP). For this study, pneumococcal isolates submitted to the HPA from meningitis cases of patients of any age diagnosed between July 2004 and June 2009 were analyzed. Meningitis isolates were selected on the basis that they were cultured from cerebrospinal fluid (CSF) or from blood cultures with documented evidence of meningitis. Serotyping was performed using a pneumococcal antigen assay (12) and conventional methods, including slide agglutination using a full panel (including specific 6C antiserum) of pneumococcal typing antisera (Statens Serum Institut, Copenhagen, Denmark) or Quellung reaction. Repeat samples of the same serotype from the same patient within a 30-day period were considered to represent the same episode and were therefore excluded from subsequent analyses. Multilocus sequence typing (MLST) was carried out using a method described previously, and sequence types (STs) were allocated using the online MLST database (www .mlst.net) (13) . Sequence data were processed using the Bionumerics pipeline (14) . Genetic analysis was performed using Bionumerics software, version 6.1 (Applied Maths, Belgium) and the eBURST, version 3, program (15) .
Data analysis. Data were analyzed using Microsoft Excel and Stata, version 11.0 (Statcorp, TX). The introduction of PCV7 has resulted in large decreases in PCV7 serotype meningitis as well as increases in non-PCV7 serotype meningitis. Therefore, changes in individual serotype and ST distribution before (July 2004 to June 2006) and after (July 2007 to June 2009) PCV7 introduction were compared separately among PCV7 serotypes (4, 6B, 9V, 14, 18C, 19F, and 23F), the extra six PCV13 serotypes (1, 3, 5, 6A, 7F, and 19A) , and the remaining PCV13 serotypes; prior to analysis, STs were grouped by the serotype they are usually associated with. The epidemiological year of 2006 to 2007 was considered a transition period and was excluded from comparison analyses. Because many of the non-PCV13 serotypes had too few isolates for analysis, those with less than eight isolates across the 5-year period were grouped together. STs were similarly grouped as PCV7 type, extra six PCV13 type, or non-PCV13 type after identification of the serotype they most commonly corresponded to. As well as assessing changes in the ST distribution within these serotype groups, changes were also assessed within individual serotypes. Because of the small number of isolates when serotypes and STs were subgrouped by age and epidemiological year, changes within age groups were analyzed only if a significant overall effect was observed. Proportions were compared using a chi-square test or Fisher's exact test as appropriate. Logistic regression was use to adjust for age. For the assessment of ST distribution within serotypes as well as CFR by serotype and ST, we report only changes with a P value of Ͻ0.01 because of the large number of comparisons.
RESULTS
Between July 2004 and June 2009, 1,506 cases of meningitis across all age groups were identified, including 270 (17.9%) that were diagnosed by PCR alone and 206 (13.7%) that either did not have an isolate submitted to the HPA or for which the isolate could not be resuscitated for sequence typing. Therefore, 1,030 isolates were both serotyped and genotyped over the 5-year period, and they included 52 different serotypes and 238 distinct STs PCV7 serotypes. Prior to PCV7 introduction (2004 to 2006), the four most common serotypes causing meningitis were serotypes 14 (13.0%), 19F (11.3%), 18C (9.1%), and 6B (8.6%). These serotypes are all included in PCV7 and accounted for 40% of all meningitis cases ( Table 1 ). The next most common serotype, serotype 8, which is not contained in PCV7, accounted for 6.4% of all cases. Among PCV7 serotypes causing meningitis, the five most common clones in decreasing order were ST162, ST9, ST113, ST191, and ST124, with each ST accounting for between 3.1% and 5.1%. By 2007 to 2009, PCV7 serotypes accounted for a significantly smaller proportion of meningitis cases compared with 2004 to 2006 (P Ͻ 0.001) (Fig. 2) . In 2008 to 2009, only nine meningitis cases were caused by PCV7 serotypes in children of Ͻ5 years of age, mainly due to serotype 6B (five cases, each with a distinct ST) and one case each of serotypes 4, 14, 19F, and 23F. Three cases had received at least two PCV7 doses, and only one child had significant comorbidity (cochlear implant) at the time of the infection). Over the study period, there were 11 vaccine failures: six cases were caused by 6B (each with a different ST), two each by serotypes 9V (ST163) and 23F (ST36) and one by serotype 4 (ST246). (Tables 1 and 2 ). The genetic structure of serotypes 1, 3, and 7F was clonal. Over the 5-year study period, ST306 became the main clone associated with serotype 1, representing 83% of serotype 1 meningitis cases, and gradually replaced ST227, a closely related clone. ST227 was observed only once in 2008 to 2009. ST180 accounted for 97% of serotype 3 and caused meningitis predominantly in older children and adults (8 cases in patients Ͻ5 years old, 35 among 5-to 64-year-olds, and 14 among Ն65-year-olds). Two pneumococcal lineages (CC191 and CC218) were associated with serotype 7F. ST191 (95% of 7F pneumococci) became the most important clone in 2008 to 2009, accounting for 9.6% (24/ 232) of meningitis isolates, and caused meningitis in both children of Ͻ5 years of age (39 cases) and older children and adults (37 cases). The other isolates of serotype 1 were genetically closely related, and all belonged to CC191 (single-locus variant of ST191). Serotype 5 was rare throughout the study period, accounting for only four cases (three in children), all of which occurred after PCV7 implementation and belonged to ST289.
Serotypes 6A and 19A were genetically more diverse. Serotype 6A was associated with 18 distinct STs clustered into nine clonal complexes and ST65 (CC460) was the major ST (49%). The distribution of ST65 did not change over the study period and accounted only for 2.2% (Table 2) . A total of 36 other serotypes and 97 STs clustered into 50 distinct clonal complexes were detected among 343 meningitis isolates (Tables 1 and 2; see also Table S1 in the supplemental material). Genetic diversity of isolates associated with non-PCV7 serotypes increased during the post-PCV7 period, from 25 (2) 13 (2) 6 (1) 13 (6) 58
4 (2) 9 (2) 9 (3) 10 (2) 39 (9) Total for group 43 (9) 51 (7) 57 (22) 79 (25) 113 (42) 
DISCUSSION
We have already reported the impact of PCV7 on IPD in England and Wales (6) and demonstrated significant declines in the incidence of overall and PCV7-type IPD (including meningitis) across all age groups. The introduction of PCV7 into the childhood vaccination program has also had a marked effect on the structure of the pneumococcal population causing meningitis. Over the 5-year period, we genotyped over 1,000 pneumococcal isolates causing meningitis, and although this represented only 68% of the total reported cases, more than half of the cases where the serotype was not known had been diagnosed by PCR only and, therefore, were not amenable to molecular analysis. Given the rapidity with which S. pneumoniae can cause meningitis, it is not uncommon practice for empirical intravenous antibiotics to be administered early and delay a lumbar puncture until the patient is clinically stable. In such cases, the CSF is often sterile but may remain PCR positive and, therefore, help confirm the diagnosis. Meningitis caused by PCV7 serotypes. Our results confirm the substantial decline in PCV7-type meningitis, particularly in young children (the age group targeted for pneumococcal conjugate vaccination) but also among older individuals who benefited from indirect (herd) protection through reduction in carriage among vaccinated children (16) . Among PCV7 serotypes causing meningitis, only the reduction in ST124 (associated with serotype a STs were grouped by the serotype they are usually associated with. b ST199 was associated with serotype 19A, which is included in PCV13, as well as serotypes 15B and 15C, which are not included in any of the pneumococcal conjugate vaccines.
14) was proportionally greater following PCV7 implementation. This is likely to have occurred because serotype-specific vaccine effectiveness for PCV7 was high for serotype 14 (5, 6), resulting in a 99% reduction in meningitis caused by this serotype among Ͻ5-year-olds, 90% for 5-to 64-year-olds, and 84% for Ն65-yearolds. Molecular analysis of pneumococcal isolates causing meningitis before and after PCV7 introduction identified one potential vaccine escape strain caused by a possible capsular switching from a PCV7 (serotype 14) to a non-PCV7 (serotype 28A) serotype. In the United States, emergence of escape strains was observed 3 years after the introduction of PCV7, probably in response to selection pressure (9, 17) . Since then, there have been more reports of vaccine escape strains in the United States (18, 19) . In particular, capsular switch variants of a serotype 4 clone have contributed to an increase in serotype 19A IPD in the United States, where serotype 19A IPD increased from 0.8 to 2.5/100,000 population between 1998 and 2005 and was associated with an increase in penicillin resistance rates from 6.7% to 35% over the same period (19) . In Italy, too, capsular switching among two serotype 19A (ST695) isolates was recently reported 7 years after PCV7 implementation (20) . In England and Wales, there is currently no evidence of any increase in serotype 28A IPD following PCV7 introduction (6, 21) , but this will require careful monitoring in the coming years.
Meningitis caused by non-PCV7 serotypes. Although the overall incidence of pneumococcal meningitis declined, cases due to non-PCV7 serotypes increased following PCV7 introduction. There was, however, no evidence of emergence of any particular serotype or ST causing meningitis. Serotypes 7F, 19A, 3, and 1 among the extra PCV13 serotypes and serotypes 22F, 8, and 33F among the remaining serotypes have become the main causes of pneumococcal meningitis although these serotypes were also reported to cause meningitis prior to PCV7 implementation. The increase in serotype 7F meningitis following PCV7 introduction is concerning since this serotype has been associated with more severe disease in children, with increased complications and higher case fatality than with other serotypes (22) . Pneumococcal carriage studies in England before and after PCV7 introduction revealed an increase in carriage for a number of serotypes, including four of those listed above (3, 7F, 19A, and 33F) , while others such as serotypes 8 and 22F emerged in disease but had very low carriage prevalence (23) . Most of emerging serotypes have undergone clonal expansion, suggesting that a limited number of genotypes are replacing PCV7 genotypes. Changes in serotype 1 IPD as well as carriage are likely to be due to natural/secular variations (6, 23) . Interestingly, opposite dynamics were observed for the two major clones-ST227 and ST306 -commonly associated with serotype 1 in the United Kingdom. ST227 has nearly disappeared not only among pneumococci causing meningitis but also among other clinical presentations (data not shown) and may partially explain the overall reduction of serotype 1 IPD incidence since 2005 to 2006 (6). It is not known why ST306 increased during this period, but it is possible that this ST may have gained genetic elements that improved its fitness/virulence over other STs.
In keeping with our surveillance of all IPD cases (6), serotype 3 (which was mainly associated with ST180) was more likely to cause meningitis in older adults. Compared with other serotypes, serotype 3 has a particularly high case-to-carrier ratio (CCR), suggesting that individuals exposed to serotype 3 were more likely to develop IPD rather than becoming asymptomatic carriers (23) . Serotype 3 carriage (23, 24) as well as invasive disease (6) is uncommon in children and appears to be more adapted to circulate within the older population. This serotype will require careful monitoring across all age groups because of the limited protection afforded against this serotype by both PCV13 and the 23-valent pneumococcal polysaccharide vaccine (PPV23) (25, 26) .
While many pneumococcal serotypes causing meningitis increased following PCV7 implementation, cases due to some serotypes decreased. These reductions may result from secular fluctuation (e.g., serotype 8), while for serotypes within a serogroup that is included in PCV7, the reduction may also be due to cross-protection. Reduction in 6A IPD, for example, may be a result of cross-protection from antibodies induced by the 6B polysaccharide component of PCV7 (27, 28) , as observed with the reduction of 6A IPD among Ͻ5-year-olds following PCV7 implementation in the United Kingdom (6) . On the other hand, there is no evidence to support cross-protection from 19F toward 19A (6) .
Case fatality. The CFR following pneumococcal meningitis remains unacceptably high across the age groups as well as serotype groups. Analysis of individual serotypes and STs identified a higher CFR for ST199 only although this might be a chance finding due to multiple comparisons. ST199 is commonly associated with serotype 19A (18) . Within this serotype, however, ST1999 was not associated with an increased risk of death compared with other STs. Given that sequence type is inferred from housekeeping genes within S. pneumoniae, it is more likely that other genetic factors modulate the virulence potential of different strains in addition to the polysaccharide capsule (29, 30) . The complex interplay between the host and pathogen and the contribution of serotypes and STs to clinical disease and outcome certainly merit further investigation.
Conclusions. With changes in serotype and ST distributions following PCV7 implementation, the genetic composition of the pneumococcal population causing meningitis has changed. A limited number of major clones, however, predominate alongside minor satellites clones, which are diverse and have a fluctuating genetic composition such that new clones are being continually identified. This suggests that the pneumococcal genetic pool is vast and that a large number of pneumococcal clones (some of them yet to be characterized) may have the potential to cause meningitis. Selective pressure following pneumococcal conjugate vaccination may lead to the emergence or reemergence of pneumococci with similar pathogenic potential. In April 2010, PCV7 was replaced by PCV13 in the national childhood immunization program (31) . By July 2011, IPD incidence caused by the extra PCV13 serotypes was halved in children of Ͻ2 years of age (21) . As seen following PCV7 implementation, it is likely that at least some non-PCV13 serotypes such as 22F and 33F will increase and that others yet may emerge because of selection pressure although it is difficult to predict the extent of subsequent disease replacement by such serotypes. Vaccines with broader coverage are, therefore, urgently required to prevent IPD in the future. Protein vaccines such as those targeting pneumococcal surface protein A (PspA)/C (PspC), pneumolysin (Ply) or caseinolytic protease (ClpP) are currently being investigated although the high recombination frequency among such surface proteins suggests that these loci are under constant selective pressure from human immune responses, which may, therefore, reduce their overall effectiveness (32) . In the meantime, although capsular switching and emergence of vaccine escape strains are unlikely to have any major impact on the efficacy of pneumococcal conjugate vaccination (33) , continued epidemiological and molecular surveillance across all ages is essential in order to monitor the long-term impact of pneumococcal conjugate vaccines.
